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Physical vapor deposition (PVD) is widely used in manufacturing ultra-thin layers of amorphous
organic solids. Here, we demonstrate that these films exhibit a sharp transition from glassy solid to
liquid-like behavior with thickness below 30 nm. This liquid-like behavior persists even at temper-
atures well below the glass transition temperature, Tg. The enhanced dynamics in these films can
produce large scale morphological features during PVD and lead to a dewetting instability in films
held at temperatures as low as Tg-35 K. We measure the effective viscosity of organic glass films
by monitoring the dewetting kinetics. These measurements combined with cooling rate-dependent
Tg measurements show that the apparent activation barrier for rearrangement decreases sharply in
films thinner than 30 nm. These observations suggest long-range facilitation of dynamics induced
by the free surface, with dramatic effects on the properties of nano-scale amorphous materials.
Nanometer-sized thin films of small organic molecules
are widely used in applications ranging from organic
photovoltaics[1] and light emitting diodes[2, 3], to pro-
tective coatings[4] and high resolution nano-imprint
lithography[5]. It is advantageous to use amorphous films
because, compared to crystals, they do not have grain
boundaries to hinder charge transport, generate cracks
and defects, or disrupt the writing processes. Physical va-
por deposition (PVD), the common method used to man-
ufacture these films, is usually performed at substrate
temperatures below Tg to produce films in the glassy
state. However, if the properties at nanoscale deviate
significantly from bulk properties, the resulting films can
have reduced kinetic and thermal stability. Recent exper-
iments suggest that diffusion at the free surface of organic
glasses can be several orders of magnitude faster[6, 7],
with weaker temperature dependence compared to bulk
diffusion. Enhanced, weakly temperature-dependent dy-
namics on the surface of polymeric glasses[8, 9] have been
shown to significantly affect the properties of ultra-thin
polymer films[9–17]. In polymeric systems, the molecu-
lar weight of the polymer[14], and the temperature range
of the measurement[8, 9, 14] seem to also affect the ob-
served properties, resulting in ambiguity in the relation-
ship between enhanced dynamics at the free surface and
properties of ultra-thin glass films. As such, these re-
sults can not be extrapolated to molecular and atomic
glass systems.
To our knowledge, there are no systematic studies
that measure the dynamics of ultra-thin films of organic
glasses with thicknesses less than 100 nm. However,
indirect evidence suggests that the properties of these
films may be strongly thickness dependent[18]. Thick
PVD films have been shown to form exceptionally sta-
ble glasses upon deposition at temperatures just below
Tg[19–22]. While the detailed mechanisms of the for-
mation of stable PVD glasses are still under investiga-
tion, most studies [19, 20, 23, 24] indicate that surface-
mediated equilibration (SME) is critical to their produc-
tion. As such, it is imperative to study the extent and
the length scales of the effect of enhanced surface mo-
bility on the dynamics of ultra-thin films. Furthermore,
these length scales may also be directly compared with
fundamental length scales of glass transitions as proposed
by various theories[25–28].
In this letter, we use dewetting kinetics to measure
the dynamics of ultra-thin films of the molecular organic
glass, N,N
′
-Bis(3-methylphenyl)-N,N
′
-diphenylbenzidine
(TPD). While a direct measure of absolute viscosity of
thin films can not be obtained due to potential gradient
in the dynamics induced by free interface, by relating
the dewetting times with cooling rate-dependent Tg (CR-
Tg) measurements[14, 29], we are able to measure the
“effective viscosity” of ultra-thin films as function of film
thickness and temperature. In the absence of gradients
in the dynamics, the effective viscosity equals the film
viscosity. We show that ultra-thin films remain mobile
far below bulk Tg, and the apparent activation energy for
dewetting decreasing sharply for film thicknesses below
30 nm.
Thin TPD films were prepared by PVD under ultra-
high vacuum conditions to ensure uniform substrate
properties (Details in SI and Fig. S3). Fig. 1 shows
the root mean square (RMS) roughness of as-deposited
films produced at a deposition rate of 0.02 nm/s, and a
substrate temperature of bulk Tg (328 K) (Material char-
acterization in Fig. S1). The insets show representative
atomic force microscopy (AFM) images of as-deposited
morphologies, typically imaged within 15 minutes of de-
position. Fig. 1 shows that during PVD, ultra-thin films
roughen, with morphology of the same height scale as
the film thickness. The film morphologies at thicknesses
below 12 nm resemble semi-continuous morphologies typ-
ically observed in spinodal dewetting[30, 31]. A uniform
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2layer starts forming at thicknesses above 20 nm. For films
thicker than 30 nm, the morphology flattens with both
time and film thickness. This evolution in the morphol-
ogy implies that during the deposition there is significant
reconfiguration and motion of the molecules due to inter-
facial interactions, which allow for the formation of semi-
continuous features. As the film thickness is increased,
surface diffusion becomes more prominent and interfacial
tension acts to smoothen the film.
Since these films exhibit a spinodal morphology before
a complete film is ever formed, the deposition rate and
the characteristic length scale of the features can be used
to estimate the average diffusion coefficient during PVD.
Based on the spectral distribution shown in Fig. S4, in
an 8 nm film this length scale is 350 nm. Given the depo-
sition rate of 0.02 nm/s, it takes 600 seconds to deposit
this film. Thus, the average diffusion coefficient is of the
order of 3×10−16 m2/s. For comparison, the bulk diffu-
sion coefficient for most organic molecules at Tg is about
10−20 m2/s[32]. This simple estimation implies that the
average dynamics in 8 nm films, are several orders of
magnitude faster than the bulk dynamics if measured at
Tg.
The rough structures of as-deposited films were used as
templates for further isothermal dewetting experiments.
AFM or optical microscopy (OM), showed that the film
morphology continued to evolve with time (examples
shown in Fig. 2 and Fig. S5). Dewetting of ultra-thin
films (h < 30 nm) progressed both through the growth of
existing holes and bi-continuous features, as well as the
nucleation and growth of new holes due to thermal capil-
lary fluctuations. Isothermal dewetting was observed at
temperatures as low as Tg - 30 K, where the bulk viscos-
FIG. 1. Root-mean-square (RMS) roughness of as-deposited
films as a function of film thickness. All films were deposited
at Tg with a deposition rate of 0.02 nm/s. Insets show rep-
resentative AFM images of the as-deposited films from which
roughness were calculated. Scale bar in each image is 2 µm.
Molecular structure of TPD is shown as inset.
ity is not measurable and any reasonable extrapolation
of the values of viscosity would predict a dewetting time
longer than the age of the universe for a bulk film. As the
holes continued to grow, material from the holes accumu-
lated in rims. resulting in an increase in the film thickness
outside the holes, which eventually stopped the process.
In contrast, 100 nm films only dewetted well above Tg
(T>Tg + 20 K), where the bulk viscosity is orders of
magnitude lower.
Due to the strong apparent film thickness-dependence
of the dynamics, and non-uniform initial film morpholo-
gies, it is not possible to use models based on uniform vis-
cosity and uniform film thickness[33] to model the kinet-
ics of dewetting in these films. Furthermore, the preexist-
ing morphology can make the dewetting process appear
faster, as the growth of existing holes in thin films is typi-
cally faster than the spontaneous nucleation of new holes
in thick films (more details in SI). The substrate inter-
action potentials in these models[30, 33] are also poorly
understood and slip condition at substrate interface is
not explicitly included.
Despite these difficulties the effective viscosity can
be indirectly measured by investigating the tempera-
ture dependence of the characteristic dewetting time,
τdewetting[34]. This is because substrate interactions, sur-
face tension, and the film’s initial morphology are all
weak functions of temperature, leaving the film’s effective
viscosity as the only temperature-dependent parameter
driving dewetting (more details in SI). As such, τdewetting
should be proportional to the effective viscosity of the
film, and thus the average structural relaxation time, τα.
τdewetting, was measured by tracking the time evolution
of the total dewetted area, A(t), indicated by green color
in Fig. 3(a) and fitting to a single exponential function
[34]. Fig. 3(b) shows the change in A(t) as a function of
FIG. 2. Time evolution of the morphology of TPD films dur-
ing isothermal dewetting. All films were deposited at Tg with
a deposition rate of 0.02 nm/s. Top row: 8 nm film held at
Tg-20 K. Middle row: 25 nm film held at Tg-10 K; Bottom
row: 100 nm film held at Tg+25 K. Dewetting of 8 nm and
25 nm films were monitored by AFM, while 100 nm films were
monitored by optical microscopy.
3time for 20 nm films at various temperatures. Fig. 3(c)
shows the normalized total dewetted area as a function
of reduced time, t/τdewetting, for data at various anneal-
ing temperatures and film thicknesses. This figure shows
that data for all films at a common thickness can be char-
acterized with a single τdewetting.
If dynamics of thin films were identical to those of
bulk, one would expect the temperature dependence of
τdewetting to be the same regardless of film thickness, even
if absolute dewetting times depend on the film thick-
ness due to different initial morphologies, and non-trivial
thickness-dependence of the driving forces of dewetting.
Fig. 4(a) shows an Arrhenius plot of -log (τdewetting) ver-
sus inverse temperature, 1/T. It is evident that in this
temperature range, the slopes of the curves, which rep-
resent the apparent thermal activation barriers for rear-
rangement, Ea have strong thickness dependence. For an
8 nm film τdewetting, and therefore the effective viscos-
ity, changes less than half a decade over the temperature
range of 298 K - 321 K. τdewetting for 30 nm films show a
much stronger temperature dependence, changing more
than two decades over the same temperature range. It
is important to note that all of these temperatures are
well below bulk Tg. The low apparent activation energy
of ultra-thin films is consistent with previous studies of
dynamics on polymeric thin films[14, 15, 29].
In order to relate τdewetting to viscosity, other exper-
iments are required to define the vertical shift factors.
Rheology measurements of bulk TPD are shown in Fig.
4(c) (details in SI). CR-Tg measurements were used to
extend the dynamical range of the bulk measurements to
temperatures below bulk Tg[14, 29, 36]. CR-Tg measure-
ments were performed on films with a thickness range of
20 nm< h <100 nm as shown in Fig 4(b) (details in SI
FIG. 3. Dewetting kinetics tracked by AFM. (a) An appropri-
ate height threshold is set to obtain the total dewetted area,
marked as green. (b) Dewetted area, A(t), as a function of
time for 20 nm films at five annealing temperatures. (c) h-t-T
superposition, relative dewetted area as a function of reduced
time t/τdewetting. Black, open symbols are data from 20 nm
films, shown in 2(b). Colored asterisks show dewetting of
8 nm, 12 nm, 20 nm, and 30 nm films at 313 K. Dashed green
line is the universal fit function y = 1−exp(−t/τ). Each data
point in (b) and (c) is obtained from a single AFM image.
Fig. S8 and S9).
Fig. 4(c) shows the combined data of dewetting and
CR-Tg measurements, and provides a direct comparison
between the bulk and the effective thin film viscosities.
The dewetting measurements for 100 nm films were ver-
tically shifted to match bulk rheology and dielectric re-
laxation measurements[35] (Fig. S12). The CR-Tg data
for 100 nm and 30 nm films were also shifted according
to the relationship detailed in SI, log η = − log(CR)+11.
In the temperature range of these experiments, there is
excellent agreement between these three methods in de-
termining viscosity. This strongly indicates that firstly,
100 nm films behave bulk-like and their effective viscos-
ity matches that of bulk viscosity in the entire dynamical
range of these measurements for both types of experi-
ments, and secondly, other related parameters for the
dewetting process, such as substrate interaction energy
and surface tension, did not have strong temperature de-
pendences.
As detailed above, the initial morphology of films of
various thicknesses are different. As such, the shift fac-
tor used to match the 100 nm dewetting data to bulk
viscosity is not applicable to other films. Instead, for
films of 25-30 nm, the CR-Tg experiments were used to
calculate the appropriate shift factors (Fig. S12). It is
FIG. 4. (a) τdewetting vs. 1/T for various thicknesses. Dashed
lines are Arrhenius fits. (b) Cooling rate vs. Tg for films
of various thicknesses. Data marked with open symbols for
20 nm and 25 nm Tg values indicate potential uncertainties
due to onset of dewetting and broadening of Tg. (c) Viscos-
ity (left axis) vs. 1/T obtained by rheology (pink asterisk)
compared with dewetting data from (a) (filled symbols), and
CR-Tg (right axis) from (b) (open symbols). Solid line repre-
sents dielectric relaxation data by Walter’s et al.[35]. Dotted
black line is VFT fit to bulk viscosity. (d) Apparent activa-
tion energy, Ea obtained from Arrhenius fits of 4(a) (filled)
and (b) (open) as a function of film thickness. Shaded area
is a guide to the eyes for potential values of activation energy
as measured by various methods.
4important to note that CR-Tg could not be reliably used
for ultra-thin films (h ≤ 20 nm) as detailed in SI. As
such, the exact shift factors for these data sets are un-
known and the data presented here for these films only
reflect the temperature dependence of the effective vis-
cosity and not their exact values. However, based on the
simple analysis of diffusion presented earlier, the effective
viscosity is at least about a factor of four faster than that
of bulk at Tg.
Fig. 4(c) provides a clear picture of the extent by which
the dynamics are enhanced in ultra-thin films. While at
bulk Tg the dynamics are enhanced by only one or two
orders of magnitude, the difference between thin film and
bulk dynamics continues to diverge as the temperature
is decreased below Tg. For example, at a temperature
of Tg-35 K, the bulk viscosity becomes unmeasurable,
while the effective thin film viscosity only changes by less
than two orders of magnitude from the value at Tg. Fig.
4(d) shows the apparent activation energy, Ea (slope of
log viscosity vs. 1/T) as a function of film thickness as
determined via both dewetting and CR-Tg experiments,
with dewetting experiments setting the lower bound and
CR Tg setting the upper bound value for Ea (Details
discussed in SI). We note that the temperature range
of these experiments are limited and Ea may vary with
temperature closer to or above Tg.
As shown in Fig. 4(d), in films with h < 20 nm, the Ea
is much lower than that of bulk, and has a weak thick-
ness dependence. The low activation barrier for dewet-
ting confirms that the rough morphologies observed in
ultra-thin PVD films are due to fast dewetting during de-
position. Ea increases sharply in films with thicknesses
between 20 nm< h <30 nm, and becomes very similar
to bulk at h > 40 nm. In this regime, the dynamics
of the film are bulk-like during PVD, and surface diffu-
sion acts to smoothen the film. Interestingly, in ultra-
thin films, once the local film thickness around the rims
reaches 40 nm the dewetting process also slows down sig-
nificantly and appears to stop (Fig. S7). This remarkably
sharp transition in the dynamics suggests that the gradi-
ent of dynamics induced by the interfacial effects is not
the same in films of different thicknesses, as schematically
shown in the inset of Fig. 4(d). In ultra-thin films, the
dynamics are enhanced in the entire film, showing little
thickness dependence, while in films with thicknesses of
40 nm or more, the dynamics in the entire film is bulk-like
except for perhaps a few liquid-like mono-layers near the
free surface. It is important to note that the temperature
dependence of diffusion coefficients measured on the sur-
face of bulk films[6, 7] are also larger than those measured
in ultra-thin films in this study, further confirming that
the dynamics at the surface of a bulk film are different
than those measured in thin films. These observations
suggest that the dynamics of the glassy material are cor-
related over large length scales and the dynamics of thin
films are influenced both by the interfacial dynamics and
the glassy dynamics in the layers closer to the center of
the film.
As such, surface diffusion measurements on the sur-
face of bulk-like films alone are inadequate in predicting
the activation barrier for the dynamics in ultra-thin films
and the length scale of the effects. Direct measurements
of properties as a function of film thickness are required
for determining the correlation length for the dynamics.
While to our knowledge there are no such prior studies in
thin films of other organic glasses, observations in poly-
meric glasses[29] show a similar non-linear transition in
Ea as a function of film thickness, with the midpoint of
transition in the 20-30 nm film thickness region. Earlier
studies by Ellison and Torkelson also suggest correlated
dynamics in the top and bottom layers of a polymeric
film as the film thickness is reduced below 20 nm[12].
However, the transition appears to be much sharper in
organic thin films with much lower activation barriers in
ultra-thin film regime. This may imply that chain effects
are also important in facilitating the dynamics in poly-
meric thin films. Regardless, the general similar trend
and length scale of enhanced dynamics in both small or-
ganic molecular and polymeric glasses suggest that long
range facilitation of the dynamics may be a characteristic
feature of glassy systems. Future studies on more glassy
systems are needed to confirm whether these observations
are ubiquitous in organic glassy systems. Models based
on a constant length scale of interfacial effects[37, 38] may
not fully capture the strong, almost sigmoidal transition
in apparent activation barriers observed here. Instead,
models based on long range elastic response[26], or which
use growing cooperative length scales[27, 28] may be able
to predict such strong correlated dynamics.
In summary, we have presented that the temperature
dependence of the effective viscosity, and thus the struc-
tural relaxation time, of thick and ultra-thin films of
molecular glasses can be measured via a combination
of isothermal dewetting and CR-Tg measurements. We
have demonstrated that the rough initial morphology of
vapor-deposited thin films are closely related to the en-
hanced dynamics in ultra-thin films. Films as thick as
30 nm dewet spontaneously well below bulk Tg, indica-
tive of greatly enhanced dynamics in these films. An
examination of the thickness dependence of the appar-
ent activation barrier in these films reveals a sharp, sig-
moidal transition in the dynamics as the thickness varies
between 20 to 40 nm indicating a strong correlation be-
tween the dynamics of the free surface and the bulk of
the film. This implies an interplay between the facilita-
tion of the dynamics by the interface and the bulk glass,
with a considerably large length scale of about 30 nm.
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